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Summary

A clinical and molecular analysis of 439 individuals affected with myotonic dystrophy, from 101 kindreds, has
shown that the size of the unstable CTG repeat detected in nearly all cases of myotonic dystrophy is related
both to age at onset of the disorder and to the severity of the phenotype. The largest repeat sizes (1.5-6.0 kb)
are seen in patients with congenital myotonic dystrophy, while the minimally affected patients have repeat sizes
of <0.5 kb. Comparison of parent-child pairs has shown that most offspring have an earlier age at onset and
a larger repeat size than their parents, with only 4 of 182 showing a definite decrease in repeat size, accompanied
by a later age at onset or less severe phenotype. Increase in repeat size from parent to child is similar for both
paternal and maternal transmissions when the increase is expressed as a proportion of the parental repeat size.
Analysis of congenitally affected cases shows not only that they have, on average, the largest repeat sizes but
also that their mothers have larger mean repeat sizes, supporting previous suggestions that a maternal effect is
involved in the pathogenesis of this form of the disorder.

Introduction

The mutation causing myotonic dystrophy (DM) is an
unstable CTG repeat sequence (Aslanidis et al. 1992;
Buxton et al. 1992; Harley et al. 1992a) in the 3' un-
translated region (3'-UTR) of a gene whose sequence
predicts the protein product to be a member of the
protein kinase family (Brook et al. 1992; Fu et al. 1992;
Mahadevan et al. 1992). Normal individuals have <30
copies of this CTG repeat, but in DM the number varies
from 50 to >2,000 (Harley et al. 1992b). It has already
been shown that those individuals with the smallest
increase in repeat number are minimally affected, some
showing cataract as the sole symptom while others are
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entirely normal clinically (Brook et al. 1992; Fu et al.
1992; Harley et al. 1992b; Mahadevan et al. 1992;
Reardon et al. 1992b). Progressive expansion of the se-
quence occurs on transmission, with increasing severity
and earlier onset of disease, in successive generations of
a family, thus explaining the long-debated phenome-
non of "anticipation" in DM (Harper et al. 1992).
We have reported preliminary data relating the size

(or copy number) of this unstable repeat to approxi-
mate category of severity (Harley et al. 1992b) and have
indicated the clinical implications of the molecular find-
ings. In the present paper we describe a more compre-
hensive analysis of the relationship of phenotype to mo-
lecular abnormality in a series of 439 DM patients from
101 families. We also examine the relationship of sex
and size of repeat in the transmitting parent to the size
of repeat in the offspring.

Methods

Clinical Aspects
Families with DM came from the extensive series

investigated by our institute over a period of 20 years
(Harper 1989). They do not represent an unselected
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sample or completely ascertained population of DM
patients, a factor which requires consideration in inter-
preting the data. The three principal sources were as
follows:

1. Families from South Wales examined personally by
at least one of us and probably representing almost
all DM families in this region.

2. Families from other parts of Britain, either seen by
request for diagnosis and genetic counseling or
forming part of a nationwide study of congenital
DM. These families were also examined clinically by
at least one of us but are biased toward ascertain-
ment through a congenitally affected case.

3. Families referred primarily for molecular diagnosis
from all parts of Britain and from other (mostly Eu-
ropean) countries. Although many were examined
personally, clinical data were often dependent on
the referring center and thus are limited; data were
not included unless considered to be reliable.

Age at onset was recorded as the age when the first
symptoms clearly attributable to DM appeared, includ-
ing cataract as well as myotonia and muscle weakness.
Where onset could not be determined precisely, a 10-
year period was recorded, and the midpoint was used
for analysis. Four graded clinical categories were used:

a. Minimal-Cataract was the principal clinical fea-
ture. Neuromuscular abnormalities were absent or
mild, with onset at >50 years.

b. Classical-Myotonia and progressive muscle weak-
ness, generally presenting in adult life.

c. Congenital-Symptoms were present from birth or
in utero. These included respiratory insufficiency,
hypotonia, and developmental delay in survivors, a
strikingly different clinical picture from cases with
the "classical" form.

d. Early childhood-This relatively small group
showed some features comparable to those in cases
with congenital onset, notably developmental delay,
but had no documented abnormality at the time of
birth.

Individuals were scored as affected if there was clear
evidence of myotonia or progressive muscle weakness,
or cataracts in the case of known gene carriers. In order
to account for the possibility of ascertainment bias,
analyses of the data were done both with and without
propositi. Unless indicated otherwise, there were no
statistically significant differences between pairs of
analyses.

DNA Analysis
Molecular analyses were performed according to

methods described elsewhere (Brook et al. 1992; Har-
ley et al. 1992a, 1992b; Reardon et al. 1992b). Increase
in size of DNA fragments seen on EcoRI and PstI diges-
tion of DNA isolated from white blood cells was mea-
sured to the nearest 0.5 kb, while all affected individ-
uals with repeat sizes <0.5 kb were also analyzed by
PCR. In those samples where smears could be detected,
indicative of somatic expansion of the repeat giving a
range of sizes, the presence of the smear was noted, and
both its lower and upper limits were sized. When
smears were present, the lower limit of the smear was
used in any statistical analyses. All molecular results are
expressed in terms of kilobases of additional DNA.

Results

Relationship of Size of Repeat to Phenotype in
Individual Patients

Clinical and molecular data were available on a total
of 439 affected individuals, from 101 apparently unre-
lated kindreds. Figure 1 shows the range of repeat size
seen in each clinical category, separated by sex of indi-
vidual. In general, the more severe the phenotype, the
larger the repeat size. The only significant difference
found between the sexes was in the minimally affected
group, with an excess of males having the smallest re-
peat size (<0.25 kb). Figure 2 shows the relationship of
repeat size to apparent age at onset, which shows strong
correlation when repeat size is plotted on a logarithmic
scale (r = -.816, P < .001). No significant difference
was seen when the data were divided by sex.

Intergenerational Differences in Phenotype and Repeat
Size

For parent and child pairs, age at onset is shown in
the top graph of figure 3, and repeat size is shown in the
bottom graph of figure 3. Both analyses show a weak
correlation between parent and child (r = .723, P
<.001; and r = .504, P < .001, respectively), but the
striking feature is that, in most cases, age at onset is
earlier in child than in parent, while repeat size is corre-
spondingly greater in the children. There are 3 cases
with onset apparently later in the child than in the par-
ent, and there are 14 cases where the repeat size has
decreased. The exceptions in age at onset may be ex-
plained by the method of ascertainment, which was
often based on a patient's recollection of his or her first
awareness of muscular problems. It was more common
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Figure I CTG repeat sequence sizes (in kb) for DM patients, in minimal (a), classical (b), early childhood (c), and congenital (d)
categories. The results are expressed as the percentage of the total number of male (hatched bars) or female (black bars) patients with repeat

sequences of the size indicated on the X-axis. The total number of patients was 301.
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Figure 2 Age at onset for 218 DM patients, plotted against CTG repeat length (logarithmic scale).

10.0

for a child's age at onset to be remembered more accu-

rately than that of the parent. Of the 14 cases where
there has been an apparent decrease in size of repeat, 4
were maternally transmitted, and 10 were paternally
transmitted. However, only 4 are considered as true

decreases, the other 10 parent-child pairs having some

overlap in the range of repeat sizes detected. Although
the lower limit of a smear detected in an individual was
used in the statistical analyses and graphical representa-
tions, this could lead to an overestimate of the number
of true decreases if overlap of smears between a parent
and child is not taken into account; however, we are

reporting all 14 cases, for completeness. Also to be con-

sidered is the fact that blood samples are usually taken
from families at the same time, and we cannot normal-
ize the data to take account of age at time of sampling,
which may well have an effect on the amount of detect-
able mosaicism of repeat size. A general observation
was that smears were more likely to be seen in older
individuals and in those with larger repeat sizes. The
four cases where repeat size was clearly smaller in the
child than in the parent are (i) a decrease from 1.0 kb to

0.38 kb, with a change in phenotype from classical (age
at onset in the 3d decade) to asymptomatic, at age 24
years; (ii) a decrease from 0.50 kb to 0.48 kb, with a

change in phenotype from classical to minimal; (iii) a

decrease from 0.50 kb to 0.45 kb, with a change in
phenotype from classical to asymptomatic; and (iv) a

decrease from 0.40 kb to 0.23 kb, with a change in
phenotype from classical (age at onset in the 4th de-
cade) to asymptomatic, at age 32 years. In all four cases

the decrease was transmitted by an affected father.
Analysis of sib pairs for age at onset revealed a corre-

lation (r = .718, P < .001) which was not significantly
different from that seen between parent and child. For
repeat size, there was stronger correlation for sib pairs
(r = .651, P < .001) than was seen between parent
and child. No effect of birth order was seen in either
analysis.

Sex of Transmitting Parent and Repeat Size
The effect of the sex of the transmitting parent on

the increase in repeat size on transmission from parent
to child is shown in figure 4. The absolute increase in
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Figure 3 Top, Ages at onset for 149 parent-child pairs. Points below the diagonal indicate onset earlier in child than in parent. Bottom,
CTG repeat sizes for 181 parent-child pairs. Points above the diagonal indicate repeat size greater in child than in parent.
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size of repeat is greater on transmission from females
(mean = 1.48 kb, SD = 1.41) than on transmission from
males (mean = 0.83, SD = 0.84). However, when the
increase is expressed as a proportion of the size in the
parent, this sex difference is no longer seen. The appar-
ent difference is the result of a repeat size which, on
average, is larger in mothers than in fathers (mean
= 1.13, SD = 0.75; and mean = 0.59, SD = 0.73, respec-
tively; P < .01). Although there is a correlation between
the absolute size of repeat in the parent and the change
in size when it is transmitted to the offspring, the confi-
dence limits are wide (r = -.3167, P = .001, 95% confi-
dence limits = -.127 to -.484). No father with a repeat
size >2.0 kb (5/83 transmissions) has passed a larger-
sized repeat to his offspring, whereas this was not the
case for mothers with repeat size >2.0 kb (22/93 trans-
missions).

The Molecular Basis of Congenital DM
All cases of congenital DM were transmitted by af-

fected mothers. However, in those families where the
affected grandparent could be identified, there was an
excess of affected grandfathers (28 of 43 cases, signifi-
cant at P < .005).
The largest repeat sizes are seen in individuals who

are congenitally affected, although there is consider-
able overlap between this group and other clinical
groups. Figure 5 shows repeat size in offspring, plotted
against that of their parents, subdivided into paternal
transmission (all offspring), maternal transmission
(minimal or classical offspring), and maternal transmis-
sion (congenital offspring). The maternal transmissions
giving rise to congenital offspring form a separate
group, in terms of their distribution on the graph, from
those giving rise to noncongenital offspring. The
mothers of congenital offspring have repeat sizes signifi-
cantly greater than those of mothers of noncongenital
offspring (mean = 1.8 kb and 0.65 kb, respectively; P
< .01). Fathers have repeat sizes (mean = 0.59 kb) simi-
lar to those of mothers of noncongenital offspring.

Discussion

The recognition that expansion of an unstable CTG
repeat is the mutational basis underlying DM has begun
to resolve many of the hitherto puzzling clinical and
genetic aspects of the disorder. A specific biological
mechanism for explaining the marked variability in se-
verity and age at onset, particularly between different
generations of the same family, is now available, while

the phenomenon of anticipation, long disputed but re-
cently validated in terms of pedigree data, can also be
explained.
The data presented here provide further evidence

that the size of the repeat is related to the phenotype of
DM. This can be seen both when patients are catego-
rized by clinical severity and when they are categorized
by age at onset. Minimally affected patients usually
show a small expansion, <300 bp; when these are ana-
lyzed using PCR, they show 50-100 CTG repeats.
Twenty-eight of 43 grandparents in families with a con-
genitally affected child are grandfathers. The male ex-
cess in this group is of interest and has also been seen in
previous family studies (Bell 1947). Since minimally af-
fected individuals are principally ascertained through
an affected child or grandchild and would probably
remain undetected in the absence of such a relative, the
sex difference may reflect a greater tendency to initial
instability in male meiosis, rather than an absolute ex-
cess of minimally affected males in the population.
The other group of patients showing a marked rela-

tionship to size of repeat is the severe group with con-
genital onset, whose range of expansion varies from 2
to >6 kb. While this range overlaps that of other child-
hood-onset cases and, to a lesser extent, that of the
classical group, mostly with adult onset, there is an ab-
solute distinction, in our series, between it and the
"minimal" group.
The correlations shown here for age at onset be-

tween parent and child and between sibs correspond
closely with those found in much earlier studies; Bell
(1947) and Penrose (1948) commented on the low par-
ent-child correlation. The similarity of our own data to
these older family studies suggests that the biases in
ascertainment in our study, already mentioned above,
are not likely to have masked the fundamental genetic
patterns in transmission. When size of repeat is substi-
tuted for age at onset, a strikingly similar pattern is
seen, reflecting the close correlation betweeen these
two variables. The tendency to "anticipation" is strik-
ingly demonstrated in figure 3, with only a few in-
stances of later age at onset or reduction in repeat size
in the offspring noted. Howeler et al. (1989) showed a
later age at onset for the child in only 1 of 61 parent-
child pairs. That such instances do occur is illustrated
by the cases described, while the undoubted bias of
ascertainment, toward those families where instability
has already occurred, makes it possible that they will
prove to be more frequent in the population overall.
Undetected "minimal" cases in the younger generation
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Figure 5 Repeat size in parent-child pairs, separated into maternally transmitted congenital onset (+), maternally transmitted noncon-
genital onset (X), and paternally transmitted (U). In these three categories, the number of individuals was 46, 33, and 83, respectively.

may exist, as originally postulated by Penrose (1948).
Two separate studies of presymptomatic detection us-

ing linked DNA markers have suggested that around
10% of clinically normal sibs of affected individuals
may carry the mutation (Brunner et al. 1991; Reardon
et al. 1992a).

Division of data according to sex of the transmitting
parent is of particular relevance to congenital DM,
which is invariably female transmitted. Our data and
those of others confirm this pattern of transmission.
However, it is possible that the lack of congenital off-

spring in male transmission may reflect a detrimental
effect of larger repeat size on male fertility. In our sam-

ple we have only four fathers with a repeat size >2.0 kb.
The largest repeat sizes are seen in congenital cases (also
see Harley et al. 1992b; Tsilfidis et al. 1992), and the
mothers of these cases also have larger repeat sizes than
do the parents of noncongenital cases (also see Tsilfidis
et al. 1992). The overlap in the range of repeat sizes,
between congenital cases and others, indicates that size
of the expanded sequence is not the only feature deter-
mining congenital onset of the disease. The consider-
able separation of the congenital group from other

cases shown in figure 5 emphasizes the relevance of the
maternal DNA expansion (and probably phenotype) in
the production of this form of DM, perhaps via a direct
intrauterine effect related to maternal severity, as sug-
gested previously by Koch et al. (1991). In the present
study, DNA expansion was measured only in lympho-
cytes, and it is possible that different degrees of expan-
sion may cause varying phenotypic effects in other,
more relevant tissues.

Analysis of the influence of repeat size on instability
suggests that larger repeats are more prone to undergo
further expansion. The true effect may be underesti-
mated, since families where a small initial expansion has
remained unchanged would be unlikely to be ascer-
tained. Systematic population studies of isolated popu-
lations with a high frequency of DM derived from a
single common ancestor, such as the population of
northern Quebec (Mathieu 1990), may give valuable
information on the factors relating to the initiation of
instability.
The processes involved in instability of the CTG re-

peat in DM may be comparable to those occurring in
the fragile X syndrome, where a similar underlying se-
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quence, a CGG repeat, is responsible (Oberle et al.
1991; Yu et al. 1991) and where an asymptomatic male
with a small expansion of the repeat sequence is also
found to be the earliest detectable member of most
kindreds. Comparison between these two disorders
and other conditions will be valuable in elucidating the
mechanisms involved in producing disease phenotypes.
Strong linkage disequilibrium in both DM (Harley et al.
1991, 1992a; Yamagata et al. 1992) and fragile X syn-
drome (Richards et al. 1992) indicates an origin of the
disorder from a very small number of original premuta-
tions, possibly a unique event in the case of DM, al-
though the existence of a haplotype predisposing to
new mutations could also explain these observations.

It is not possible to relate the clinical or genetic fea-
tures of DM to the properties of the protein involved,
predicted by sequence to be a member of the protein
kinase family (Brook et al. 1992; Fu et al. 1992; Maha-
devan et al. 1992). The unstable repeat is located in the
3'-UTR of the gene, making it possible that the effects
of expansion of the sequence are quantitatively related
either to regulation of transcription or translation or to
messenger RNA stability, or even making it possible
that the functioning of neighboring genes may be af-
fected. Mutations of a different nature elsewhere in the
DM gene may produce either clinical features ofDM or
a different abnormal phenotype. Study of >500 unre-
lated DM families in a number of different centers has
shown that almost all cases result from the same muta-
tional mechanism. The recognition of the unstable re-
peat sequence and its mode of transmission in families
has already begun to clarify many of the unusual clinical
and genetic problems in DM.
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